Superparamagnetic behaviour of antiferromagnetic DyP04 nanoparticles 
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We report on the low-temperature magnetic ac-susceptibility of antiferromagnetic DyP04 nanoparticles with 
a very high surface to volume ratio. The results are interpreted in terms of superparamagnetic relaxation of the 
Neel vector arising from a relatively large number ~ 0.2 Na of uncompensated spins probably existing on the 
surface of the nanoparticles. The activation energy of the relaxation process is found to be Ea/ks = (2.6 ±0.1) K 
within a model taking into account the magnetic interaction between nanoparticles. 



The magnetic structure of antiferromagnetic 
(AF) nanosized particles is usually described as 
an exchange-coupled spherical bilayer composed 
of an inner antiferromagnetic core and an outer 
shell of uncompensated spins. The exchange in- 
teraction between the two layers gives rise to an 
unidirectional anisotropy which may cause super- 
paramagnetic relaxation of the Neel vector due to 
the uncompensated spins |1|. AF nanoparticles 
are of fundamental interest since, in comparison 
with ferromagnetic nanoparticles of comparable 
size, they are better candidates for the obser- 
vation of magnetic quantum tunneling phenom- 
ena [2]. 

In this brief communication we present very- 
low-temperature ac-susceptibility experiments on 
nanoparticles of dysprosium phosphate. It is 
well established that in the magnetic structure 
of bulk DyP04 the Dy moments are antifer- 
romagnetically coupled and that they order at 
3.4 K 0. Moreover, strong crystal field effects 
(CFE) are responsible for highly anisotropic low- 
lying energy levels, resulting in Ising-type be- 
haviour. In what follows, we shall describe the 
magnetic properties of small particles of DyP04 
with a mean size of 2-3 nm and narrow size dis- 
tribution, which have been obtained by liquid- 
phase synthesis methods 0|. High crystallinity 
has been revealed by transmission electron mi- 
croscopy and X-ray powder diffraction measure- 

* E-mail evange@phys.leidcnuniv.nl. 



ments. Susceptibility data down to 2 K were ob- 
tained with a commercial SQUID-based magne- 
tometer. The ac-susceptibility in the tempera- 
ture range 50 mK < T < 6 K was measured with 
a mutual inductance technique in a dilution re- 
frigerator. The excitation amplitude was 10 mOe 
and the frequency was varied between / = 100 Hz 
and 7 kHz. All data were collected on powdered 
samples. 

As in bulk DyP04, strong CFE are observed 
at high temperature. By lowering the tempera- 
ture, the susceptibility of the nanoparticles dif- 
fers substantially from that of the bulk mate- 
rial; no sign of magnetic ordering is observed 
at 3.4 K. Instead, a cusp in the real compo- 
nent x' of the ac-susceptibility is found at about 
1 K, and it is accompanied by a non-zero imag- 
inary component x" at some lower temperature 
(Fig. 1). As shown in Fig. 1 both maxima in x' 
and x" are strongly frequency dependent. Tak- 
ing into account the high degree of anisotropy 
in this material, the experimental data suggest 
superparamagnetic blocking of the Dy moments 
below a blocking temperature Tb correspond- 
ing to the temperature at maximum absorption. 
Using the average value Tb = 0.8 K for this 
range of frequencies, the frequency shift of Tg, 
ATi3/(ri3Alog/), where AT;? is the change in 
Tb for the given change in frequency (A log / = 
1.8), provides the value of 0.18, which is compa- 
rable to that of other superparamagnets [^j. 
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Figure 1. (a) x' vs T at different frequencies, as 
listed. In the inset, x of the nanoparticles for 
/ = 770 Hz and x of the bulk material (from 
Ref. 0) in the same units, (b) x" vs T at the 
same frequencies. In the inset, the Vogel-Fulcher 
fit to the relaxation time r. 



At temperatures below Tb, x" does not de- 
pend on the frequency anymore (Fig. 1). Such 
a behaviour is known to be related to interpar- 
ticle interactions (e.g. of dipolar origin), slowing 
down the relaxation at low temperature [HI ■ Tak- 
ing into account this, the frequency dependence of 
Tb should be fitted using the Vogel-Fulcher law 
r = Toe^p[Ea/kBiT ~ To)], where r = l/27r/, 
Ea is the activation energy, and Tq represents a 
measure of a static interaction field due to the sur- 
rounding particles. The fit is shown in the bottom 
inset of Fig. 1, and provides the following values: 
To = (2 ± 1) X 10-'^ s, Ea/kB = (2.6 ± 0.1) K and 
To = (0.40 ± 0.05) K. As in other magnetically 
interacting nanoparticle systems, Tq <^ Ea/kB- 

It is worthwhile to give an estimate of the num- 
ber of unpaired Dy spins that are responsible for 



the net magnetic moment of the particles. To do 
so we plot in the top inset of Fig. 1 the susceptibil- 
ity of DyP04 nanoparticles together with the par- 
allel susceptibility measured from a single-crystal 
of the bulk equivalent material j3j. The suscepti- 
bility of the nanoparticles is here properly scaled 
to get the same values as for the bulk material 
at high temperatures. The striking feature is the 
large difference between the two signals in the 
low-temperature range which we suppose to arise 
from a lack of compensation of the antiferromag- 
netic sublattices in the nanoparticles. We con- 
sider the T < 20 K range, where only the lowest 
electronic doublet is contributing to the magnetic 
signals, and fit the susceptibilities well above the 
anomalies with a Curie- Weiss law. Comparing 
the obtained Curie constants, we roughly esti- 
mate the number of unpaired spins per particle 
to be about 20%. Considering that the mean par- 
ticle diameter is 2.5 nm 4 , which corresponds to 
about 130 Dy spins per particle, we roughly have 
about 30 spins antiferromagnetically arranged in 
the inner core, and about 75 compensated and 25 
uncompensated spins on the surface. The pres- 
ence of uncompensated spins is thus most proba- 
bly caused by missing magnetic neighbours at the 
surface. 
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